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Ten mutants of the yeast Saccharomyces cerevisiae resistant to the antimycotic terbinafine were isolated after
chemical or UV mutagenesis. Molecular analysis of these mutants revealed single base pair exchanges in the
ERG1 gene coding for squalene epoxidase, the target of terbinafine. The mutants did not show cross-resistance
to any of the substrates of various pleiotropic drug resistance efflux pumps tested. The ERGI mRNA levels in
the mutants did not differ from those in the wild-type parent strains. Terbinafine resistance was transmitted
with the mutated alleles in gene replacement experiments, proving that single amino acid substitutions in the
Ergl protein were sufficient to confer the resistance phenotype. The amino acid changes caused by the point
mutations were clustered in two regions of the Ergl protein. Seven mutants carried the amino acid substitu-
tions F,,,L (one mutant), F,,,L (one mutant), and P,;,S (five mutants) in the C-terminal part of the protein;
and three mutants carried an L, F exchange in the central part of the protein. Interestingly, all exchanges
identified involved amino acids which are conserved in the squalene epoxidases of yeasts and mammals. Two
mutations that were generated by PCR mutagenesis of the ERG1 gene and that conferred terbinafine resistance
mapped in the same regions of the Ergl protein, with one resulting in an L,;,F exchange and the other
resulting in an F,;;S exchange. The results strongly indicate that these regions are responsible for the
interaction of yeast squalene epoxidase with terbinafine.
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Ergosterol is an essential and specific component of fungal
membranes, in which it exhibits a variety of functions that
modulate membrane fluidity, permeability, and the activities of
membrane-bound enzymes (3). Therefore, the ergosterol bio-
synthesis pathway represents an important target for antifungal
agents; and, indeed, some of the most effective compounds in
the treatment of fungal infections, like azoles and allylamines,
are inhibitors of essential steps in ergosterol biosynthesis.
Azoles inhibit lanosterol 14a-demethylase (Ergllp) (14), and
squalene epoxidase (Erglp) is the target for allylamines (34),
such as naftifine and terbinafine.

Azoles are widely used in the treatment of severe fungal
infections, which has led to an increased occurrence of resis-
tant clinical isolates of Candida albicans and other human
fungal pathogens (25, 38, 46, 48). The elucidation of the mo-
lecular mechanisms by which C. albicans can exert resistance to
azoles revealed that upregulation of the genes encoding efflux
pumps leads to high levels of resistance to azoles and other
antifungal drugs (27, 28, 40). This type of resistance is medi-
ated by overexpression of transporters belonging to either the
major facilitator superfamily (MFS) or the ATP binding cas-
sette (ABC) transporter superfamily (27, 40, 42). Members of
the C. albicans drug resistance gene family, CDRI and CDR2,
which code for ABC transporters, not only are involved in
azole resistance but also confer resistance to terbinafine (28,
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30, 41). In contrast, increased expression of the C. albicans
MES transporter Mdrl1p leads to fluconazole resistance but not
to terbinafine resistance (49).

In addition to efflux systems, resistance to metabolic inhib-
itors can also be mediated by overexpression of drug target
proteins (38). Elevated levels of ERG11 mRNA were found in
several azole-resistant clinical isolates of C. albicans and C.
glabrata, suggesting that the amount of lanosterol 14a-demeth-
ylase (Ergllp) is higher and contributes to azole resistance in
the isolates (8, 26, 28, 32).

Another mechanism of resistance to azoles involves modifi-
cations of the target enzyme Ergllp. A number of different
mutations in the CaERGII gene were identified in azole-re-
sistant clinical C. albicans isolates, and the resulting amino acid
substitutions were thought to alter the affinities of azole deriv-
atives to Ergllp (7, 8, 15, 19, 20, 32, 39).

A second important target for antifungal drugs in the ergos-
terol biosynthesis pathway is represented by squalene epoxi-
dase, which acts upstream of lanosterol 14a-demethylase. This
essential enzyme is encoded by the ERGI gene in Saccharo-
myces cerevisiae (13) and the CaERGI gene in C. albicans (6)
and catalyzes the epoxidation of squalene to (3S5)-2,3-oxido-
squalene (34, 43). In fungi this reaction is selectively inhibited
by allylamines, such as naftifine and terbinafine (31, 34, 35). S.
cerevisiae cells treated with these antifungal drugs accumulate
squalene and are depleted of ergosterol, which finally results in
growth inhibition (24, 31). Although terbinafine is widely used
to treat infections caused by dermatophytes and other fungal
pathogens, resistant mutants that appear as a consequence of
terbinafine treatment have not been reported so far. However,



VoL. 47, 2003

TERBINAFINE RESISTANCE IN S. CEREVISIAE 3891

TABLE 1. Strains and plasmids used in this study

Strain or plasmid Genotype or description Source
Strains

E. coli XL1 endAl hsdR17 (hsdR hsdM™) supE44 thi-1 recAl gyrA96 relAl Stratagene
A(lac) [F' proAB lacl"ZAM15 Tnl0 (Tet")]

S. cerevisiae A2 MATa leu2 his3 canl A. Hartig

S. cerevisiae W303-1B MATo leu2 ura3 his3 ade2 trpl canl J. Kolarov

S. cerevisiae W303/a MATa leu2 ura3 his3 ade2 tipl S. D. Kohlwein

S. cerevisine H1A, H1B, H2, H3, Terbinafine-resistant mutants of W303-1B after MNNG This study

H4, HS5, H6, H7, H8 mutagenesis

S. cerevisiae A2M8 Terbinafine-resistant mutant of A2 after UV mutagenesis Jandrositz et al. (13)

S. cerevisiae KLN1 MATo, ERGI::URA3 leu2 ura3 trpl Landl et al. (21)

S. cerevisiae A2T8 A2 with ergl allele for terbinafine resistance of A2M8 This study

S. cerevisiae A2H3 A2 with ergl allele for terbinafine resistance of H3 This study

S. cerevisine KLNH1B KLNT1 with erg! allele for terbinafine resistance of H1B This study

S. cerevisiae KLNH2 KLN1 with ergl allele for terbinafine resistance of H2 This study

S. cerevisine KPHJ1 A2 MATo PDRI-12::HIS3 pet Wendler et al. (47)

S. cerevisiae KPHI2 A2 MATo PDR3-33::HIS3 pet Wendler et al. (47)

Plasmids

pYEp13 Multicopy yeast-E. coli shuttle vector A. Hartig

pYEp351 Multicopy yeast-E. coli shuttle vector A. Hartig

pRS315 Centromere yeast-E. coli shuttle vector K. Kuchler

pBIG1 2.3-kb PstI fragment with the wild-type ERGI gene in This study
pBluescript

pKL1 3.9-kb Sacl fragment with the erg! allele for terbinafine This study
resistance of A2MS8 in pBluescript

pKL2 pKL1 with the LEU2 cassette in the PstI site This study

pKLH3 ergl allele for terbinafine resistance of mutant H3 in pKL2 This study

pAF22 4.8-kb Sau3A fragment with the erg/ allele for terbinafine Jandrositz et al. (13)
resistance of A2ZM8

pML1 2.3-kb PstI fragment with the wild-type ERGI gene in This study
pRS315

pNS1 2.3-kb PstI fragment with the wild-type ERGI gene in This study
pRS315 (insert in the orientation opposite that in
pML1)

pML2 2.3-kb PstI fragment with the erg! allele for terbinafine This study
resistance of A2MS8 in pRS315

pML3 2.3-kb PstI fragment with the ergl allele ML3 for terbinafine This study
resistance in pRS315

pNS2 2.3-kb PstI fragment with ergl allele NS2 for terbinafine This study
resistance in pRS315

pYSTS1 STS1 (PDR5) gene in pYEp13 Bissinger and Kuchler

(2), K. Kuchler

increased use of terbinafine could lead to the development of
resistant mutants and, consequently, to treatment failure.
Therefore, the elucidation of the molecular mechanisms by
which fungi can exert resistance to terbinafine is of great in-
terest. We have chosen S. cerevisiae as a model organism to
investigate the mechanisms by which a phenotype of terbin-
afine resistance can develop. We isolated a series of terbin-
afine-resistant S. cerevisiae mutants in which we identified
mutations in the ERGI gene. The mutants did not exhibit
cross-resistance to other metabolic inhibitors, suggesting that
active efflux of the drug is not involved in terbinafine resistance
in these mutants. In this report we demonstrate for the first
time that single mutations in the ERGI gene can be the sole
cause for terbinafine resistance in S. cerevisiae.

MATERIALS AND METHODS

Strains and growth conditions. All strains and plasmids used in this study are
described in Table 1.

Escherichia coli XL1 carrying recombinant plasmids was grown in 2X TY
medium (37) in the presence of 100 g of ampicillin per ml at 37°C. Wild-type

yeast strains W303-1B and A2 and terbinafine-resistant mutants were grown in
yeast extract-peptone-dextrose (YPD) medium (44) at 30°C on a rotary shaker.
Wild-type yeast strains carrying recombinant plasmids and A2 transformants
after gene replacement were grown in yeast nitrogen base (YNB) minimal
medium supplemented with all amino acids except leucine (11, 44). S. cerevisiae
KLN1 was grown in YPD medium containing ergosterol and Tween 80 under
oxygen-limiting conditions, as described previously (21). Strain KLN1 with
ERGI-containing recombinant plasmids was grown in YPD medium under aer-
obic conditions. Tetrad analysis was performed as described previously (21). The
components of the media were purchased from Difco, Gibco BRL, and Merck.

Mutagenesis and selection of terbinafine-resistant mutants. Mutagenesis of S.
cerevisiae W303-1B was carried out as described by Lawrence (23) with 40 pg of
N-methyl-N’-nitro-N-nitrosoguanidine (MNNG) per ml in 50 mM potassium
phosphate buffer (pH 7.0) for 20 min at 30°C. Mutagenized cells were washed,
incubated in YPD medium for 3 h at 30°C, and transferred to fresh YPD medium
(pH 6.0) containing 50 pg of terbinafine per ml. After overnight incubation at
30°C the cells were plated on YPD agar plates. Colonies were tested for resis-
tance to terbinafine on YPD plates containing 50 pg of terbinafine per ml, and
nine resistant clones were selected for further analysis. The terbinafine-resistant
mutant S. cerevisiae A2M8, isolated after UV mutagenesis, was described previ-
ously (13).

In another approach the wild-type ERG1 gene was randomly mutagenized in
vitro by PCR amplification. Recombinant plasmid pBIG1, which carries the
wild-type ERG1 gene on a 2.3-kb PstI fragment in pBluescript, served as the



3892 LEBER ET AL.

template for amplification of the ERGI gene with the universal primer (5'-AC
GACGTTGTAAAACGACGGCCAG-3') and the reverse primer (5'-TTCACA
CAGGAAACAGCTATGACC-3") (VBC Genomics, Vienna, Austria). The am-
plification was performed with DyNAzyme II DNA polymerase (Finnzymes) in
the presence of 5 mM MgCl, and 0.05 mM MnCl,. The PCR fragments were
digested with PstI, cloned into the centromere vector pRS315, and transformed
into E. coli XL1. Plasmid DNA was isolated from approximately 1,000 E. coli
transformants by standard procedures (37) and transformed into S. cerevisiae
KLN1 (21), which contains the chromosomal ergl::URA3 disruption, by the
protocol of Gietz et al. (9). Transformants expressing a functional squalene
epoxidase were selected by complementation of the aerobic growth defect of
KLNI1 on YPD agar plates. The transformants were tested for terbinafine resis-
tance on YPD plates containing 100 wg of terbinafine per ml. Plasmid DNA was
isolated from resistant S. cerevisiae KLN1 transformants (45), amplified in E. coli
XL1, and characterized by DNA sequence determination.

Drug susceptibility testing. For drug susceptibility determination in liquid
medium, 2 ml of YPD medium containing 20, 50, or 100 p.g of terbinafine per ml
dissolved in ethanol was inoculated with aliquots of overnight cultures (ONCs) of
the respective yeast mutants or wild-type strains to give an initial optical density
at 600 nm (ODy) of 0.005. Control cultures of each strain were supplemented
with the respective solvent. The cultures were incubated for 45 or 24 h at 30°C
with shaking. Growth of the yeast strains was measured spectrophotometrically
by determination of the ODg.

The susceptibilities of the yeast strains to terbinafine were also determined on
agar plates. ONCs in YPD medium or YNB minimal medium were diluted to an
ODyg of 0.1, and 5 pl of serial dilutions (10° to 1073) was spotted on YPD agar
plates containing terbinafine (10.0 to 100 pg/ml) and on control plates supple-
mented with the solvent. The plates were incubated for 2 days at 30°C. The
sensitivities of the terbinafine-resistant yeast mutants to other metabolic inhib-
itors were determined with ONCs grown in YPD medium for 20 h at 30°C. The
cells were washed and diluted to a cell density of 10°/ml. Drops of 10 ul of these
suspensions and serial dilutions (10° to 10~3) were spotted on YPD agar plates
buffered with sodium succinate to pH 6.0 with and without the inhibitors. The
inhibitors tested were cycloheximide (0.1 to 2.0 pg/ml), itraconazole (5.0 to 30
wg/ml), resazurin (50 to 200 pg/ml), 4-nitroquinoline-N-oxide (0.1 to 1.0 wg/ml),
crystal violet (0.5 to 5.0 pg/ml), 6-amino-2n-pentylthiobenzothiazole (10 to 50
pg/ml), nystatin (0.5 to 2.5 wg/ml), and amorolfine (0.02 to 0.1 pg/ml). The
susceptibilities to the mitochondrial inhibitors rhodamine 6G (1.0 to 5.0 wg/ml),
ethidium bromide (0.5 to 5.0 pg/ml), and oligomycin (0.1 to 2.0 pug/ml) were
tested on YP agar plates containing 1% (vol/vol) ethanol and 2% (vol/vol)
glycerol instead of glucose. The plates were incubated for 3 days at 30°C. The
inhibitors were obtained from Sigma (cycloheximide, oligomycin, 4-nitroquino-
line-N-oxide), Serva (ethidium bromide, resazurin, nystatin), Loba Chemie Aus-
tria (crystal violet), and Lambda Physik Germany (rhodamine 6G). Terbinafine
was a gift of A. Stiitz, Novartis Research Institute, Vienna, Austria; and itracon-
azole, amorolfine, and 6-amino-2n-pentylthiobenzothiazole were obtained from
T. Kuchta, Food Research Institute, Bratislava, Slovak Republic.

Nucleic acid preparation and analysis. Chromosomal and plasmid DNAs were
isolated by standard procedures (37, 45). The ERGI gene of the terbinafine-
resistant mutants was amplified by PCR with High Fidelity DNA Polymerase
(Roche Diagnostics), forward primer UE1 (5'-GTCCAGTATTGAACAATAC
AGGTT-3"), reverse primer DE1 (5'-TTGACGGTTCCTATCCTCTCTC-3"),
and chromosomal DNA as the template. For DNA sequence determination, 1 ug
of DNA was labeled by using the Thermo Sequenase fluorescently labeled
primer cycle sequencing kit from Amersham (Little Chalfont, United Kingdom)
and analyzed with the ALFexpress DNA sequencer from Amersham Pharmacia
Biotech. The primers were purchased from VBC Genomics. The Genetics Com-
puter Group program was applied for sequence alignments (4). RNA was iso-
lated from lysed spheroplasts or mechanically disrupted cells with the RNeasy
kits of Qiagen. Northern blot assays were performed with ERGI- and ACTI-
specific probes as described previously (24).

Construction of recombinant plasmids pKL2 and pKLH3 for gene replace-
ment. Recombinant plasmid pAF22 carries a 4.8-kb insert with the ergl allele
from terbinafine-resistant mutant A2M8 in pYEp351 (13). pAF22 was restricted
with Sacl, followed by treatment with Klenow polymerase to generate blunt ends,
and the 3.9-kb Sacl fragment was isolated after agarose gel electrophoresis. The
pBluescript vector was cleaved with Sacl and Kpnl to remove the multiple-
cloning site and was also treated with Klenow polymerase. Ligation of the Sacl
fragment carrying the ergl allele of pAF22 with the purified vector fragment and
transformation into E. coli XL1 yielded recombinant plasmid pKL1. The unique
Pstl restriction site within the SacI fragment downstream of the ERG1 structural
gene was used to insert a LEU2 cassette for selection purposes. The resulting
plasmid was designated pKL2. The erg! allele of terbinafine-resistant mutant H3
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was amplified from the chromosomal DNA by PCR with forward primer UEL,
reverse primer DE1, and High Fidelity DNA Polymerase (Roche Diagnostics).
The PCR product was cleaved with Hpal, and the 1.4-kb fragment was used to
replace the ergl allele in pKL2 by ligation with the appropriately cleaved pKL2.
The recombinant plasmid was designated pKLH3. The correct DNA sequences
of the mutated ergl alleles in pKL2 and pKLH3 were verified by DNA sequence
determination.

Replacement of ERG1 gene by homologous recombination. Recombinant plas-
mids pKL2 and pKLH3 were cleaved with Sphl and Smal, and the linear frag-
ments carrying the ergl alleles and the LEU2 marker were transformed into S.
cerevisiae A2 by the protocol of Gietz et al. (9). Insertion of the fragments in the
chromosome occurred at the ERGI locus by homologous recombination. Trans-
formants were selected on YNB minimal medium lacking leucine. Correct gene
replacement was verified by PCR amplification and DNA sequence determina-
tion. The transformants carrying the chromosomally integrated ergl alleles of
terbinafine-resistant mutants A2M8 and H3 were designated A2T8 and A2H3,
respectively.

The ergl alleles of mutants H1B and H2 were integrated into the chromosome
of KLN1 by a different approach. Briefly, the erg! alleles were amplified from the
chromosomal DNA of the mutants by PCR with primers UE1 and DEI, and the
DNA sequences were verified by sequence analysis. Approximately 5 pg of the
linear fragments was transformed into S. cerevisiae KLN1, in which the ERGI
gene was disrupted by a URA3 cassette (21). Successful integration of the frag-
ments by homologous recombination at the chromosomal ERG! locus allowed
the transformants to grow aerobically and resulted in the loss of the URA3
cassette. Correct integration of the erg! alleles was verified by PCR amplification
and DNA sequencing. The transformants were designated KLNHIB and
KLNH2, respectively.

Cloning of wild-type ERGI gene and ergl alleles for terbinafine resistance into
centromere vector pRS315. The wild-type ERG1 gene was isolated as a 2.3-kb
Pst1 fragment from pBIG1 and cloned into the PstI site of the low-copy-number
vector pRS315. The recombinant plasmid was designated pMLI1. A similar ap-
proach was taken to construct pML2, which carried the erg! allele of A2M8, and
pNS2, which contained the NS2 ergl allele for terbinafine resistance. The plas-
mids were transformed into S. cerevisiae KLN1 without integration into the
chromosome and were selected for aerobic growth due to complementation of
the KLN1 phenotype.

RESULTS

Generation of terbinafine-resistant S. cerevisiae mutants.
Terbinafine-resistant S. cerevisiae mutant A2M8 was isolated
after UV mutagenesis of wild-type strain A2, as described
previously (13). To isolate novel mutants, S. cerevisiae
‘W303-1B cells were treated with MNNG, as described in Ma-
terials and Methods, and nine terbinafine-resistant clones
growing on YPD agar plates containing 100 ng of terbinafine
per ml were selected for further analysis. The sensitivities of
the mutants to terbinafine were determined in liquid cultures
after growth for 45 h at 30°C in the presence of terbinafine at
concentrations of 20, 50, or 100 wg/ml in YPD medium. Figure
1 shows the growth yields of selected representatives (mutants
H1B, H2, and H6 and the corresponding wild-type strain,
W303-1B, as well as mutant A2MS8 and its wild-type parent,
A2) plotted as the ODg, against the terbinafine concentration.
While the growth of wild-type strains W303-1B and A2 was
completely inhibited by 20 pg of terbinafine per ml, the resis-
tant S. cerevisiae mutants continued to grow even in the pres-
ence of 100 pg of terbinafine per ml. Similar results were
obtained with resistant mutants H1A, H3, H4, H5, H6, H7, and
HS8 (data not shown).

Since the mutants were originally isolated after chemical or
UV mutagenesis, several mechanisms could be involved in the
phenotypic expression of terbinafine resistance. Mutants
A2MS8 and H2 were crossed with corresponding wild-type yeast
strains of the opposite mating type, the diploid cells were
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FIG. 1. Growth of wild-type S. cerevisiae strains A2 and W303-1B
and terbinafine-resistant mutants in the presence and absence of ter-
binafine. The yeast strains were inoculated into 2 ml of YPD medium
to an ODg, of 0.005 and grown at 30°C for 45 h. The medium was
supplemented with 20, 50, and 100 pg of terbinafine per ml dissolved
in ethanol. The control culture without terbinafine was supplemented
with ethanol. Growth was monitored by measuring the ODy,.

sporulated, the tetrads were dissected, and the spore cells were
tested for terbinafine sensitivity on YPD agar plates containing
100 pg of terbinafine per ml. Regular 2:2 segregation of ter-
binafine resistance in both crosses (data not shown) indicated
that a single nuclear gene locus is involved in the resistance
phenotype of each of these mutants.

Mutations in the S. cerevisiae ERG1 gene are involved in
terbinafine resistance. One possible mechanism leading to ter-
binafine resistance in S. cerevisiae is the expression of a mu-
tated squalene epoxidase. Chromosomal DNA was isolated
from the terbinafine-resistant mutants and served as the tem-
plate to amplify the ERGI gene by PCR. The DNA sequences
of the PCR products were compared with the wild-type se-
quence of the ERG1 gene. The results showed that each of the
ergl alleles of the terbinafine-resistant mutants contained only
1 nucleotide exchange which led to single amino acid substi-
tutions in the Ergl protein (Fig. 2 and Table 2). Five of the 10
resistant mutants, i.e., H3, H4, H6, H7, and HS8, carried an
identical C-to-T transition in position 1288 of the open reading
frame of the ERG1 gene, leading to the replacement of proline
by serine at position 430 in Erglp (P,3,S). Three of the mu-
tants, i.e., A2M8, H1A, and H5, carried a C-to-T transition at
position 751 which caused the change of amino acid 251 from
leucine to phenylalanine (L,s5,F). In addition, two other mu-
tations resulted in the replacement of the phenylalanine resi-

LZSIF

FAD

FIG. 2. Schematic presentation of the Ergl protein of S. cerevisiae. The putative FAD, monooxygenase (MOX), and substrate binding (SQ)
domains of squalene epoxidase are indicated together with the positions of the mutations identified in the terbinafine-resistant variants (*) and
the respective amino acid exchanges.
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TABLE 2. Terbinafine-resistant mutants with single base pair
exchanges leading to amino acid substitutions in the Ergl protein

Base pair exchange ~ Amino acid substitution

Mutant

in ERGI gene in Ergl protein
A2MS, H1A, HS5, ML3¢ C5,T L,5,F
H2 Cia06A FapoL
HI1B Ciae0A Fua0L
H3, H4, H6, H7, H8 CiagsT P30S
NS2° T 05C Fiss

¢ Alleles ML3 and NS2 for terbinafine resistance were isolated after in vitro
PCR mutagenesis of the ERGI gene.

dues by leucine at positions 402 (F,,,L in mutant H2) and 420
(F450L in mutant H1B). The high incidence of mutations lead-
ing to amino acid substitutions at positions 251 and 430 of the
Ergl protein points to an involvement of these amino acids in
the interaction of squalene epoxidase with the inhibitor terbi-
nafine. To gain a better insight into which region of the Ergl
protein is involved in terbinafine resistance, the ERGI gene
was randomly mutagenized by PCR. This approach led to the
isolation of several terbinafine-resistant ergl alleles, two of
which carried single point mutations. One of them (ML3)
carried the mutation leading to the same L,s,F substitution
detected in A2M8, H1A, and H5, while another allele (NS2)
carried a T-to-C transition at position 1298 of the open reading
frame, resulting in an F 35S exchange (Fig. 2 and Table 2).
Terbinafine resistance in the mutants is not linked to over-
expression of ERGI mRNA. Since the mutations in the erg/
alleles may not be the only cause for the resistance phenotypes
of the mutants and since the overexpression of target genes can
lead to resistance to metabolic inhibitors (38), we determined
the levels of ERGI transcripts in the mutants by Northern
analysis. Cultures were grown to early log phase in YPD me-
dium, and total RNA was extracted and separated on agarose
gels, as described in Materials and Methods. The RNA was
probed with radiolabeled ERGI DNA, and the amount of
RNA loaded in each lane was monitored by use of ACTI
mRNA and 25S rRNA. The results are shown in Fig. 3. In
terbinafine-resistant mutant A2MS8, which was isolated after
UV mutagenesis, the ERGI mRNA level normalized to the
amount of total RNA was approximately 20% lower than that
in corresponding wild-type strain A2 (Fig. 3A). The ERG!
mRNA levels in mutants H1B, H2, and H6 also did not differ
from that in parent strain W303-1B. Similarly, the NS2 allele
for terbinafine resistance, which was isolated after PCR mu-
tagenesis, was expressed at the same level as the wild-type NS1
allele in strain KLNT1, in which erg! was disrupted (Fig. 3A). In
addition to the mutants shown in Fig. 3A, each of which had a
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FIG. 3. Northern blot analysis of the ERGI mRNA of terbinafine-resistant mutants. Cultures of terbinafine-resistant mutants, wild-type strains
A2 and W303-1B, and strain KLN1 with an erg/ disruption with the recombinant plasmids pNS1 and pNS2 were grown in YPD medium to early
log phase. Total RNA was extracted from either lysed spheroplasts (strains H1B, H2, H6, and W303-1B in panel A) or mechanically disrupted cells
[strains A2, A2M8, KLN1(pNS1), KLN1(pNS2) in panel A and all strains in panel B], and 10 pg of the RNA was separated by agarose gel
electrophoresis. Hybridization was performed as described in Materials and Methods by using an ERGI-specific DNA probe to detect the
transcript from the chromosomal ERGI locus and low-copy-number recombinant plasmids pNS1 and pNS2. The amounts of ACT/ mRNA and
25S rRNA were used to normalize the amount of RNA loaded on the gel.

different mutation in the ERGI gene (Table 2), we determined
the levels of expression of the ergl alleles in the other mutants
of W303-1B which had also been selected for terbinafine re-
sistance after chemical mutagenesis (Fig. 3B). HIA and H5
carried the same mutation as mutant A2M8, while H3, H4, H6,
H7, and H8 contained an identical mutation at position 1288 of
the ERG1 gene (Table 2). The ERGI-specific mRNA levels in
the mutants were quantitated and amounted to 72 to 101% of
the ERGI1 mRNA level of wild-type parent strain W303-1B.
These data demonstrate that terbinafine resistance in our mu-
tants is not caused by overexpression of the target gene.
Terbinafine-resistant ergl mutants do not exhibit cross-re-
sistance to other metabolic inhibitors. The potential partici-
pation of drug efflux pumps in the terbinafine resistance phe-
notype was investigated by determining the susceptibilities of
mutants H1A, H1B, H2, H5, and H6 to the metabolic inhibi-
tors cycloheximide, oligomycin, ethidium bromide, 6-amino-
2n-phenylthiobenzothiazole, crystal violet, resazurin, itracon-
azole, nystatin, 4-nitroquinolin-N-oxide, rhodamine 6G, and
amorolfine as representatives of substrates for various drug
efflux pumps, such as Pdr5p, Snq2p, Yorlp, and Sgelp or
unknown pumps (12, 16; V. Klobuc¢nikova and I. Hapala, un-
published results). Serial dilutions of ONCs of the resistant

mutants were spotted on agar plates containing different con-
centrations of these inhibitors, as described in Materials and
Methods. The results indicate that the terbinafine-resistant
mutants in general behaved like the wild-type strain in the
presence of the inhibitors tested, with the possible exception of
mutant HS5, which was slightly more sensitive to cycloheximide,
6-amino-2n-phenylthiobenzothiazole, crystal violet, and rhoda-
mine 6G (data not shown). However, mutant H1A, which
carries the same mutation in the squalene epoxidase gene as
HS, did not exhibit altered sensitivity to the inhibitors tested.
Thus, we assume that the sensitivity profile of mutant HS is not
related to the mutation in the ERGI gene. The lack of cross-
resistance indicates that terbinafine resistance in mutants
H1A, H1B, H2, and H7 is not linked to increased drug efflux.

In order to investigate whether pleiotropic drug resistance
can contribute to reduced terbinafine susceptibility, strains
KPHJ1 and KPHJ2, which carry allelic forms of the genes
PDRI (PDRI-12) and PDR3 (PDR3-33), were tested for
growth in the presence of terbinafine. The results in Fig. 4
show that these mutants grew on agar plates containing 100 pg
of terbinafine per ml and are thus resistant to terbinafine,
whereas wild-type strain A2 is sensitive. The susceptibilities of
these mutants were also determined quantitatively in liquid



VoL. 47, 2003

10° 10t 102

A2

KPHI1

KPHI2

W303/a [pYEp13]

W303/a [pYSTS1]

YPD

TERBINAFINE RESISTANCE IN S. CEREVISIAE 3895

B
107 10° 10 19 1e®

YPD + 100 pg/ml terbinafine

FIG. 4. Resistance to terbinafine of mutants overexpressing PdrSp. ONCs of wild-type strain S. cerevisiae A2 and two mutants containing allelic
forms of PDRI (PDRI-12 in KPHJ1) and PDR3 (PDR3-33 in KPHJ2) causing overexpression of PdrSp were prepared at 30°C in YPD medium.
Wild-type strain W303/a carrying the vector pYEp13 and wild-type strain W303/a carrying recombinant plasmid pYSTS1 (overexpressing Pdr5p)
were grown in YNB minimal medium overnight at 30°C. The ODgs of the ONCs were adjusted to 0.1, 5 pl of the 10° to 10~ dilutions was spotted
on YPD agar plates without terbinafine (A) and with 100 pg of terbinafine per ml (B), and the strains were grown for 2 days at 30°C.

medium, as described in Materials and Methods, and the re-
sults in Fig. 5 clearly demonstrate that both PDR mutants were
resistant to terbinafine. The transcription factors Pdrlp and
Pdr3p are key regulators in the pleiotropic drug resistance
network of S. cerevisiae (1); and the PDRI-12 and PDR3-33
strains are known to show increased levels of expression of the
efflux pump PdrSp (47), indicating a contribution of Pdr5 in
terbinafine resistance. Involvement of Pdr5p in terbinafine re-

—e—A2
—m- KPHJ1
- -k - KPHJ2

0 T T 1
0 20 50 100
Terbinafine [ug/mi]

FIG. 5. Growth of wild-type S. cerevisiae strain A2 and two mutants
containing allelic forms of PDRI (PDRI-12 in KPHJ1) and PDR3
(PDR3-33 in KPHJ2) causing overexpression of Pdr5p in the presence
and absence of terbinafine. The yeast strains were inoculated into 2 ml
of YPD medium to an OD, of 0.005 and were grown at 30°C for 45 h.
The medium was supplemented with 20, 50, or 100 g of terbinafine
per ml dissolved in ethanol. The control culture without terbinafine
was supplemented with ethanol. Growth was monitored by measuring
the ODg.

sistance was directly confirmed by overexpression of this efflux
pump from recombinant plasmid pYSTS1 (2). S. cerevisiae
W303/a with pYSTS1 could grow on agar plates containing 100
g of terbinafine per ml, whereas the strain carrying the vector
pYEp13 only remained sensitive (Fig. 4). In addition, deletion
of the PDRS gene in S. cerevisiae renders the strain significantly
more sensitive to terbinafine than the isogenic wild-type parent
(data not shown). Taken together, these results prove that
terbinafine is a substrate for the efflux pump Pdr5 and that
overexpression of Pdr5 leads to terbinafine resistance. Lack of
cross-resistance to known substrates of Pdr5p, such as cyclo-
heximide, itraconazole, 6-amino-2n-pentylthiobenzothiazole,
and rhodamine 6G, therefore excludes the possibility that the
pleiotropic drug resistance system is the cause of the terbin-
afine resistance phenotype in our series of mutants.

Replacement of the wild-type ERGI gene by the mutated
alleles renders the transformants terbinafine resistant. The
terbinafine-resistant S. cerevisiae mutants contain single point
mutations in the open reading frame of the ERG! gene. In
order to prove that each of the mutations is sufficient to confer
terbinafine resistance, the wild-type ERGI gene in S. cerevisiae
A2 was replaced with the mutated ergl alleles, isolated from
A2MS8 (leading to the L,5;F exchange) and H3 (leading to the
P,30S exchange), by homologous recombination, as described
in Materials and Methods. The resulting transformants were
designated A2T8 and A2H3, respectively. Correct gene re-
placement was verified by amplification of the erg!/ alleles and
DNA sequence determination. As shown in Fig. 6, chromo-
somal integration of the mutated erg! alleles allows the trans-
formants to grow in the presence of high terbinafine concen-
trations.

In another approach, the mutated erg! alleles of H1B (lead-
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FIG. 6. Effect of replacement of the wild-type ERGI gene in A2 and the ergl::URA3 disruption in KLN1 with ergl alleles of the resistant
mutants on terbinafine susceptibility. The ergl alleles for terbinafine resistance of mutants A2M8, H3, H1B, and H2 were integrated into the
chromosome of wild-type strain A2 and strain KLN1 with the erg/ disruption at the ERGI locus by homologous recombination. The resulting
transformants (A2T8, A2H3, KLNH1B, and KLNH2, respectively) were grown overnight in YPD medium at 30°C, 5-p.l aliquots of the ONCs were
adjusted to an ODgg, of 0.1, and serial dilutions (10° to 10~%) were spotted on YPD agar plates without terbinafine (A) and with 100 wg of

terbinafine per ml (B). The plates were incubated for 2 days at 30°C.

ing to the F,, L exchange) and H2 (leading to the F,,L
exchange) were amplified by PCR, and the linear DNA frag-
ments were transformed into strain KI.N1 with the ergl::URA3
disruption. This strain lacks a functional squalene epoxidase
and cannot grow under aerobic conditions, even in the pres-
ence of ergosterol (21). Replacement of the disrupted erg/
gene in KLN1 with the resistant ergl alleles by homologous
recombination resulted in the complementation of the lethal
phenotype, and thus, transformants could be selected for
growth under aerobic conditions. The correct gene replace-
ment was verified by PCR amplification and DNA sequence
determination of the mutated erg/ alleles, and the transfor-
mants were designated KLNH1B and KLNH2, respectively. As
shown in Fig. 6, the mutations leading to the F,,,L and F,,,L
exchanges in the Ergl protein also confer high levels of terbin-
afine resistance to yeast cells, as demonstrated by growth of the
transformants on agar plates containing 100 wg of terbinafine
per ml.

When S. cerevisiae KLN1 was transformed with pNS2, which
carries the PCR-generated ergl allele NS2 for terbinafine re-
sistance on low-copy-number plasmid pRS315 without integra-
tion into the chromosome, the transformant became resistant
to terbinafine (Fig. 7). Similar resistance was observed in
KLNI1 transformed with plasmid pML2 containing the ergl
allele of mutant A2M8, whereas KLN1 carrying pML1 with the
wild-type ERGI gene on the same plasmid remained sensitive.
The growth of these strains was also monitored in liquid me-
dium after incubation for 24 h at 30°C. KLN1(pNS2) and
KLN1(pML2) continued to grow in the presence of up to 100
wg of terbinafine per ml, while the growth of KLN1(pML1) or
KLN1(pNS1), each of which carried the wild-type ERG! gene,

was strongly inhibited in the presence of 20 pg of terbinafine
per ml (data not shown). Taken together, the results of these
experiments prove that single point mutations in the squalene
epoxidase gene of S. cerevisiae, which result in an L, F, F,4,L,
F,0L, PyseS, or Fu35S exchange, are sufficient to confer high-
level resistance to terbinafine.

DISCUSSION

Despite the extensive use of terbinafine for the treatment of
infections caused by dermatophytes and other fungal patho-
gens (10, 33, 50), there are no reports in the literature on the
isolation of terbinafine-resistant variants directly related to
application of the drug. This is in striking contrast to the
increasing incidence of clinical isolates of fungal pathogens
resistant to azoles, another group of commonly used antimy-
cotics (25, 27, 28, 40). The only terbinafine-resistant clinical
isolate to have been recovered was recently reported by
Mukherjee et al. (29). That Trichophyton rubrum strain, which
was isolated from a patient before and during therapy with
terbinafine, was shown to exhibit primary resistance to the
drug. The clinical isolate was susceptible to azoles and griseo-
fulvin but was fully cross-resistant to other known squalene
epoxidase inhibitors, suggesting a target-specific resistance
mechanism which, however, has not been elucidated at the
molecular level (29). Terbinafine-resistant clones of the phy-
topathogenic fungus Nectria haematococca have been isolated
after UV mutagenesis by Lasseron-De Falandre et al. (22).
Although the pattern of sterols in these mutants indicated
altered squalene epoxidase activity, the nature of these alter-
ations has not been analyzed in detail, but a reduced affinity of
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FIG. 7. Effects of ergl alleles expressed from low-copy-number plasmids on terbinafine resistance. S. cerevisiae KLN1 (ergl::URA3) was
transformed with the low-copy-number plasmids pML1 carrying the wild-type ERGI gene, pML2 carrying the erg! allele for terbinafine resistance
of A2M8, and pNS2 carrying ergl allele NS2 for terbinafine resistance on pRS315. The strains were grown overnight in YPD medium, 5-pl aliquots
of the ONCs were diluted to an ODyy of 0.1, and serial dilutions (10° to 10~%) were spotted on YPD plates without terbinafine (A) and with 100

wg of terbinafine per ml (B) and incubated for 2 days at 30°C.

the squalene epoxidase for terbinafine has been proposed. We
have chosen S. cerevisiae as a model organism to investigate the
mechanisms by which yeast can develop resistance to terbin-
afine, in particular, whether modifications in the target en-
zyme, squalene epoxidase, can alter the sensitivity to the in-
hibitory effect of terbinafine. The results presented in this
report were obtained with a set of 10 terbinafine-resistant
mutants isolated after chemical or UV mutagenesis and two
mutated ergl alleles generated by PCR mutagenesis. To our
knowledge, this report provides the first detailed analyses of
terbinafine resistance at the molecular level.

Single point mutations in the ERGI gene from the terbin-
afine-resistant mutants leading to amino acid exchanges in the
Ergl protein were identified, with each of them being sufficient
to confer terbinafine resistance, as shown by gene replacement
experiments and expression of the mutated erg! allele from a
low-copy-number plasmid. The nucleotide exchanges were lo-
calized at five different positions of the ERG1 gene. Five of 10
mutants contained a single mutation at position 1288 of the
open reading frame, leading to a P,;,S substitution in the
C-terminal portion of the Ergl protein. Three mutants carried
ergl alleles with a single point mutation at position 751 of the
gene, resulting in an L, F substitution in the squalene epoxi-
dase. Two other mutations were found in individual mutants,
and they led to F,,,L and F,,,L amino acid exchanges, respec-
tively. Investigation of alleles for terbinafine resistance isolated
after in vitro mutagenesis of the ERGI gene led to the iden-
tification of the already characterized L,s,F exchange and a
new amino acid substitution, F,55S, in the Ergl protein. There
are no structural data for the S. cerevisiae squalene epoxidase
that would enable us to identify the amino acids participating
in the interaction of squalene epoxidase with terbinafine. Since
we have characterized five amino acid substitutions in the Ergl
protein that result in terbinafine-resistant variants of squalene
epoxidase, we can speculate that all of them are involved in the
enzyme-inhibitor interaction. The amino acid exchanges are
clustered in two regions of the Ergl protein; one is the L,5,F

substitution, and the other exchanges are localized in the C-
terminal portion of Erglp. The overall amino acid sequence
homologies between the Ergl protein of S. cerevisiae and C.
albicans, rat, mouse, and human squalene epoxidases are be-
tween 71 and 32% (6, 17, 18, 36). Alignment of the amino acid
sequences of squalene epoxidases reveals that some regions
are highly conserved from fungi to mammals. A putative FAD
binding domain (FAD) is proposed to include amino acid
residues 21 to 48 of Erglp of S. cerevisiae (6), in which the
conserved motif GXGXXG is present in all squalene epoxi-
dases. A profile scan of the SwissProt database proposes a
large monooxygenase domain that includes amino acid resi-
dues 201 to 396 in the Ergl protein of S. cerevisiae. Within this
domain, a fully conserved region of 11 identical amino acids
could serve as a potential binding site for the substrate
squalene (6). None of the amino acid exchanges detected in
the Ergl protein of terbinafine-resistant mutants are localized
in the putative domains involved in FAD or substrate binding.
The mutation leading to the L,5,F exchange was found in four
mutant alleles and is located within the putative monooxygen-
ase domain. Since this mutation could alter the enzymatic
activity of the Ergl protein, we assayed cell extracts of wild-
type strain A2 and mutant A2MS8 for squalene epoxidase ac-
tivity. No difference in the specific activity of the mutant pro-
tein has been found; the in vitro susceptibility to terbinafine,
however, was significantly reduced compared to that of the
wild-type protein, which corresponds to the resistance pheno-
type of the mutant (13; E. Pitters and F. Turnowsky, unpub-
lished results). The high incidence of mutations in the C-
terminal region of the squalene epoxidase leading to
terbinafine resistance indicates that this portion of the protein,
and in particular, the proline residue at position 430 of Erglp,
may be crucial in the enzyme-inhibitor interaction.
Terbinafine inhibits the enzymatic activity of fungal squalene
epoxidases at much lower concentrations than it inhibits the
activity of the mammalian enzyme (5, 35). It is therefore in-
teresting that all but one (F,55S) of the amino acid exchanges
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FIG. 8. Multiple-sequence alignment of S. cerevisiae Ergl protein regions carrying the mutations with the corresponding regions of C. albicans,
rat, mouse, and human squalene epoxidases. The amino acids conserved in all squalene epoxidases are shaded. Mutations leading to terbinafine
resistance are indicated by arrows, and the corresponding amino acid exchanges are shown above the sequence.

identified to confer resistance to terbinafine in S. cerevisiae
involve amino acid residues which are conserved in all
squalene epoxidases (Fig. 8). At present we have no reasonable
explanation for this surprising result. In the squalene epoxi-
dases of S. cerevisiae and C. albicans, but not in the mammalian
enzymes, most of the amino acid residues surrounding the
exchanges in the resistant Ergl proteins are identical, suggest-
ing that the highly homologous regions of the two fungal
squalene epoxidases and not so much single amino acids are
responsible for the selectivity of terbinafine inhibition. Similar
observations were reported for azole resistance in C. albicans
caused by mutations in lanosterol 14a-demethylase. Despite
the high selectivity of azole inhibition, many amino acid sub-
stitutions affected positions that are conserved in fungal and
mammalian demethylases (7, 15, 19, 20, 39). In most reported
cases the amino acid exchanges led to a decreased affinity of
the enzyme for azoles and a combination of mutations showed
additive effects on the resistance level. In the case of squalene
epoxidase, however, only single mutations were identified in
the terbinafine-resistant mutants, and each of the mutations
was sufficient to confer high-level resistance to the inhibitor.
The majority of reports on antifungal drug resistance deal
with the pathogenic yeast C. albicans, but many resistance
mechanisms will be applicable to other fungi as well (38, 48).
Since multiple mechanisms can lead to drug resistance and
often contribute simultaneously to the development of high-
level resistance after long-term treatment with antimycotics (8,
46), we had to consider the potential involvement of additional
mechanisms in the terbinafine resistance phenotypes of our
mutants. The intracellular concentrations of drugs and the
sensitivities of the targets determine the effectiveness of anti-
fungal drugs. The much higher susceptibility of 7. rubrum to
terbinafine compared to that of S. cerevisiae can be explained
by both the higher sensitivity of the squalene epoxidase and the
possible accumulation of terbinafine in 7. rubrum cells (5). On
the other hand, reduced intracellular concentrations of inhib-
itors mediated by either reduced uptake into the cells or in-
creased efflux out of the cells are clinically relevant causes of
intrinsic or acquired resistance to antimycotics. Enhanced ex-

pression of drug efflux pumps belonging to the ABC trans-
porter superfamily or the major facilitator superfamily is there-
fore a very important mechanism of resistance to antifungal
drugs (27, 40, 42). Although the number of terbinafine-resis-
tant mutants isolated during our studies is far from represen-
tative, it is nevertheless interesting that we have not identified
clones with phenotypes linked to alterations in the pleiotropic
drug resistance system. Many C. albicans isolates resistant to
azoles were shown to overexpress the ABC transporters Cdrlp
and Cdr2p, which are the Candida homologues of the ABC
transporter PdrSp of S. cerevisiae (42). These strains frequently
show cross-resistance to terbinafine and other metabolic inhib-
itors (28, 41). Our results demonstrate the association of in-
creased levels of the efflux pump PdrS5p with terbinafine resis-
tance in S. cerevisine mutants carrying mutations in the
transcription factors Pdrlp and Pdr3p, both of which lead to
the overexpression of Pdr5 (47). These mutants can grow in the
presence of approximately 10 times higher concentrations of
terbinafine than wild-type yeast cells. Similar levels of resis-
tance to a number of other inhibitors have been reported for
these mutants by Wendler et al. (47). Although we could show
that overexpression of Pdr5 leads to terbinafine resistance, the
involvement of efflux pumps in our set of mutants can be ruled
out since they did not exhibit cross-resistance to other antifun-
gal drugs.

The low incidence of terbinafine-resistant mutants even af-
ter chemical or UV mutagenesis could resemble the clinical
situation, in which no fungal pathogen has been reported to
develop terbinafine resistance during treatment. The 7. rubrum
strain that has been isolated from a patient who failed terbin-
afine treatment was later identified to be a strain with primary
resistance that was present even before the onset of terbinafine
therapy (29). Other failures of therapy for fungal infections
with terbinafine could have been caused by the resistance of
the pathogens to terbinafine; however, this has not been
checked routinely (29). Our results with S. cerevisiae show that
the potential for the development of terbinafine resistance
mediated by changes in the target enzyme squalene epoxidases
does exist. The clustering of these changes in specific regions of
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the Ergl protein indicates their possible involvement in a spe-
cific interaction between the target enzyme and terbinafine.
Mutant variants of the squalene epoxidase may thus help to
elucidate the structure of the enzyme and to develop novel
inhibitors for this essential enzyme in the ergosterol biosyn-
thesis pathway.
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